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A new type of Mg–Zn–Cu–Gd-based alloy strengthened by quasicrystal and Laves
phase was developed. This alloy exhibits much better creep properties compared to
AE42(Mg–4 wt% Al–2 wt% rare-earth) alloy, which is the benchmark creep-resistant
magnesium die-casting alloy under the compressive creep condition of 180 °C and
80 MPa. The new alloy also exhibits high room-temperature mechanical properties
close to that of AZ91 alloy. The good mechanical properties are attributed to the
special microstructure; the thermally stable icosahedral quasicrystals phase (i-phase)
and Laves phase distributed along the grain boundary as a hard skeleton, and some
fine 1 precipitates distributed homogenously on the matrix. The dislocation
morphology after the creep test was studied, and the strengthening mechanism was
proposed.
I. INTRODUCTION
As the lightest metallic structural materials, magne-
sium and its alloys have received increasing attention in
the last decade because of their high potential in auto-
motive and aerospace applications.1 One group of mag-
nesium alloys already finding use in the automotive in-
dustry, which is currently limited to a few selected ap-
plications such as instrument panels, steering wheels, and
valve covers, is based on Mg–Al-based casting alloys
such as AZ91 alloy (Mg–9 wt% Al–1 wt% Zn) and AM
series [Mg–(2–6)% Al].2 These alloys offer a good com-
bination of room-temperature strength and ductility,
good corrosion resistance, and excellent castability. Ma-
jor growth areas in automotive use for Mg alloys are
powertrain applications, such as the transmission case
and the engine block. These applications require high
elevated temperature performance at service conditions
of 150–200 °C and stresses in the range of 50–70 MPa.
Commercial AZ and AM types of magnesium alloy do
not meet such requirements because they are prone to
excessive creep deformation when exposed to moderate
levels of load in the temperature range 100–200 °C.3
Current interpretations attribute the poor creep resistance
to the occurrence of discontinuous precipitation of the
-phase (Mg17Al12, space group I4¯m, a  1.054 nm)4 at
grain boundaries, which will give rise to the excessive
grain boundary sliding. A major development in creep
resistant magnesium alloys has been the emergence of
rare-earth (RE) containing alloys such as Mg–4Al–2RE
(AE42). This alloy system exhibits major improvement
in creep resistance due to the complete suppression of the
formation of the -phase and the presence, instead, of the
Al-RE-containing intermetallics.2 The disadvantage of
the AE series alloys is low room temperature strength
caused by the to the low Al content.
Our recent research shows that icosahedral quasicrys-
tal phase (i-phase) can act as the effective elevated tem-
perature strengthening phase in cast Mg-based alloys.5 In
addition to the high hardness, which is similar to ceramic
particles, quasicrystals also possess other interesting
properties such as high corrosion resistance, low coeffi-
cient of friction, low interface energy, etc.6 Furthermore,
when alloys contain quasicrystals as the second phase,
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they are stable against coarsening at high temperatures
due to the low interfacial energy of quasicrystals. Corre-
lated with the quasicrystals in atomic configuration, the
Laves phase is also one kind of effective strengthening
phase for developing high-temperature materials with a
good combination of strength and ductility. Similar to the
i-phase, some Laves phases have high hardness, excellent
wear, and corrosion resistance.7 During recent decades,
Laves phases have been successfully used as a high-
temperature strengthening phase in some intermetallics.7,8
In the present work, we report two Mg-rich Mg–Zn–Gd
and Mg–Zn–Cu–Gd alloys containing i-phase and Laves
phase. The microstructure and properties including the
creep resistance (for the latter) at elevated temperatures
were examined. From the microstructural observations
and particularly from the dislocation morphology after
creep test, a strengthening mechanism is proposed.
II. EXPERIMENTAL
The compositions of the tested alloys measured by
means of inductively coupled plasma (ICP) are shown in
Table I. Since the boiling point of Mg is lower than the
melting points of Cu and Gd, the master ingot of Cu–Gd
binary alloy was first prepared by melting high-purity
elements in an arc furnace under an argon atmosphere.
The pre-alloyed ingot was then melted with pure Mg and
Zn to produce the master alloy ingot in a high-frequency
induction furnace under an argon atmosphere. From the
master alloy ingot, cylindrical bulk alloys with a length
of 55 mm and different diameters from 2.5 to 6.0 mm
were prepared by the copper mold cast method. Micro-
analysis and determination of icosahedral quasicrystal-
line precipitates were performed by x-ray diffraction
(XRD) with Cu K radiation, scanning electron micros-
copy (SEM), and transmission electron microscopy
(TEM; JEM-2010, JEOL, Tokyo, Japan) attached with
x-ray energy-dispersive spectroscopy (XEDS), operated
at 200 kV. The TEM samples were prepared by a stan-
dard combination of mechanical and ion-beam thinning
techniques. The heat-resistance properties were examined
by high-temperature Vickers hardness and high-
temperature compressive creep test. The high-temperature
hardness was measured with a Nikon (Tokyo, Japan)
QM-2 micro-hardness tester. For high-temperature hard-
ness tests, cylindrical samples (2.5 mm in diameter,
5 mm in length) were cut from cast bulk samples, and
their surfaces were polished in parallel. The test sample
was heated at 0.67 K/s, and maintained for 300 s at the
testing temperatures before the test was performed. For
compressive creep test, cylindrical samples (4 mm in
diameter, 8 mm in length) were cut from cast bulk
samples, and their surfaces were polished in parallel. The
test sample, which was isothermally treated at the test
temperature (180 °C) for 8 h in advance, was heated at
0.33 K/s and maintained for 600 s at the testing tempera-
tures before test. The stress reached the testing values
within 0.5 s, and then creep measurements were started
immediately. Other mechanical properties such as frac-
ture strength, Young’s modulus, and plastic elongation
were examined by compressive tests at room temperature
with a strain rate of 5 × 10−4 s−1.
III. RESULTS
A. As-cast microstructures
The SEM micrographs in Fig. 1 show the microstruc-
tures of the cast Mg–Zn–(Cu)–Gd alloys. The
Mg95.9Zn3.5Gd0.6 alloy had a dendritic cast structure with
large intergranular precipitates present between the den-
drites, The dendrites were recognized as a magnesium-
rich supersaturated solid solution, as shown in Fig. 1(a).
With some Cu addition, the alloy shows fine –Mg
grains (∼10 m) surrounded by a grain-boundary phase,
which forms a closed network as a hard skeleton, as
shown in Fig. 1(b). Figure 2 shows x-ray diffraction
pa t t e rn s o f the bu lk Mg 9 5 . 9 Zn 3 . 5 Gd 0 . 6 and
Mg94.4Zn3.5Cu1.5Gd0.6 alloys. For the Mg95.9Zn3.5Gd0.6
alloy, in addition to –Mg, the other diffraction peaks
can be assigned as an i-phase with a quasilattice param-
eter of 0.568 nm using the Elser’s indexing method,9 and
no other phases are detected within the sensitivity limits
of x-ray diffraction. The corresponding TEM image
shown in Fig. 3 reveals that the inserted diffraction pat-
terns have 5-fold symmetry, which is typical for icosa-
hedral quasicrystalline structure. Therefore, intergranular
phase in Mg95.9Zn3.5Gd0.6 ternary alloy is identified as a
predominant i-phase. For Mg94.4Zn3.5Cu1.5Gd0.6 quater-
nary alloy, the XRD data indicates the coexistence of
i-phase and C15 Laves phase-MgCuZn (cubic, MgCu2
type). The selected-area diffraction (SAD) patterns in
Fig. 4 confirm the coexistence of i-phase and C15 Laves
TABLE I. Chemical compositions of alloys used in the present study.
Alloy designation
composition (at.%)
Chemical composition (mass%)
Al Zn Gd Cu RE (mishmetal) Impurities
Mg95.9Zn3.5Gd0.6  8.44 3.65   <0.01
Mg94.4Zn3.5Cu1.5Gd0.6  8.27 3.58 3.54  <0.01
Mg91.4Al8.2Zn0.4 (AZ91) 9.05 0.98    <0.01
Mg96Al3.6RE0.4 (AE42) 4.14    2.06 <0.01
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phase, and the Laves phase has a cubic structure with the
lattice parameter of approximately a  0.723 nm,
slightly larger than the standard data a  0.717 nm.10
This is attributed to the incorporation of some Gd atoms
in this structure, leading to the formation of a Mg–Cu–
Zn–Gd phase, as seen from the energy dispersive spec-
troscopy (EDS) result in Table II. Meanwhile, the SAD
pattern showed typical superlattice characteristics of the
FIG. 1. Microstructure of Mg95.9Zn3.5Gd0.6 alloy with a diameter of 6 mm (a) as-cast and (c) aged at 200 °C for 240 h and Mg94.4Zn3.5Cu1.5Gd0.6
alloy (b) as-cast and (d) aged at 200 °C for 240 h.
FIG. 2. XRD patterns of cast Mg–Zn–(Cu)–Gd bulk samples with a diameter of 6 mm.
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Laves phases, as shown in Fig. 4(e). It is difficult to
identify the i-phase and the Laves phase from the mor-
phology, unless microanalysis is performed. Generally,
the Laves phase grows from i-phase, as shown in Fig.
4(a). Therefore, the grain-boundary phase consists of i-
phase and Laves phase, and the overall morphology of
grain-boundary phase is shown in Fig. 4(f). In addition, a
few of the eutectic structures are seen in the grain-
boundary region [Fig. 4(g)]. The diffraction pattern (in-
set) taken from the eutectic regions corresponds to that of
dihexagonal C36 structure.11 Because of the low volume
percent, the XRD patterns cannot reflect the existence of
the C36 Laves phase.
Standardless quantitative XEDS analysis made at dif-
ferent positions in these phases indicated that there was
some variation in composition for i-phase. That is, the
i-phase had approximately 43.99–53.60 at.% Mg, 31.68–
26.98 at.% Zn, 15.86–12.85 at.% Cu, and 8.47–6.57 at.%
Gd. The Gd content is similar to the previous reported Y
content in i-phase composition of Zn50Mg42Y8.12 The
C15 Laves phase had approximately 38.64 ± 1 at.% Mg,
30.43 ± 1 at.% Zn, 29.25 ± 1 at.% Cu, and 1.68 ± 1at.%
Gd. The C36 Laves phase had approximately 46.84 ±
1 at.% Mg, 29.59 ± 1 at.% Zn, 22.47 ± 1 at.% Cu, and
1.11 ± 1 at.% Gd. Compared to the composition of the
i-phase, the Gd concentration decreased obviously in
C15 and C36 Laves phases.
During continuous heating at a heating rate of 0.33 K/s
in a differential thermal analyzer (DTA), as shown in
Fig. 5, the first endothermic peak appeared with an onset
temperature of ∼328 K for the Mg95.9Zn3.5Gd0.6 alloy
and ∼439 K for the Mg94.4Zn3.5Cu1.5Gd0.6 alloy. The
latter increased by about 110 K over that of the former.
This peak was recognized as the melting of the eutectic
structure in the interdendritic region of the two alloys.
This means that the appropriate copper addition to Mg–
Zn–Gd alloy results in the significant improvement of
heat-resistance of this alloy. This will result in the im-
provement of creep resistance at elevated temperatures.
Based on the analysis of TEM/XEDS and DTA results,
the solidification sequence of the Mg–Zn–Cu–Gd alloy
can be described as follows: A primary –Mg phase
solidifies initially and grows in the form of dendrites.
Then i-phase nucleates and grows in the interdendritic
region. The concentration of i-phase varies depending on
position, as shown in Table II. The i-phase contains Gd
higher concentrations than those of the nearby Laves
phase. Similar contents of RE-type elements for the
i-phase formation have been reported in Zn–Mg–RE sys-
tems.12 Because a relatively high content of RE-type ele-
ment is needed for the formation of i-phase in Mg–based
alloys, as the i-phase grows, the Gd is consumed. The lack
of Gd will hinder further growth of the i-phase and thus the
C15 Laves-phase with lower Gd content appears and grows
from the i-phase [Fig. 4(a)]. Finally, a small amount of
remaining liquid solidifies into a eutectic structure of –Mg
and C36 Laves phases, as shown in Fig. 4(g).
B. Aged microstructures
To evaluate the thermal stability of these grain-
boundary phases considering the service temperature of
150–200 °C for automotive parts, isothermal treatment at
200 °C for 240 h was performed. The XRD spectrum
[Fig. 2(a)] indicates that the i-phase is still present even
after isothermal treatment at 200 °C for 240 h. From the
SEM morphology of the Mg–Zn–Gd alloy [Figs. 1(a) and
1(c)], it is also found that the morphology and distribu-
tion of the dendritic i-phase do not change at all, indi-
cating the high thermal stability of i-phase at 200 °C. For
the Mg94.4Zn3.5Cu1.5Gd0.6 quaternary alloy, in addition
to the existence of i-phase and C15 Laves phase, some
MgZn phases precipitated after isothermal treatment at
200 °C. Figure 6(a) showed the TEM image and corre-
sponding SAD pattern taken from the crept specimen
which was aged at 200 °C for 240 h before the creep test.
It can be seen that the fine precipitates distribute homog-
enously in the matrix. As described by reference,13 this
precipitates consist of two types. One type, 1 precipi-
tates had a rodlike morphology and lay in (2¯110) planes
of the matrix with a growth direction of [0001]Mg, be-
longing to a transition phase. Another type, 1 precipi-
tates, was disk- or plate-shaped, lying parallel to the
(0001) matrix plane, as shown in Fig. 6(a). The XEDS
results indicated that no rare-earth elements were de-
tected in 1 and 1 precipitates, which mainly consisted
of Mg and Zn elements. These fine precipitates have a
good effect on the mechanical properties, which will be
discussed later.
FIG. 3. TEM bright-field image and diffraction patterns of the cast
Mg–Zn–Gd bulk sample with a diameter of 6 mm.
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C. Mechanical properties
The room-temperature mechanical properties of the
alloys are summarized in Table III. Cu addition to
Mg–Zn–Gd alloy results in improved mechanical prop-
erties. Compared with AZ91 and AE42, the compressive
yield strength for the Mg–Zn–Cu–Gd alloy is higher than
FIG. 5. DTA traces showing melting endotherms obtained during
heating at a heating rate of 0.33 K/s for as-cast Mg–Zn–Gd (lower
curve) and Mg–Zn–Cu–Gd (upper curve) alloys.
FIG. 4. TEM bright-field images and SAD patterns of the cast Mg94.4Zn3.5Cu1.5Gd0.6 bulk sample with a diameter of 6 mm: (a) i-phase and its
corresponding SAD patterns taken along the (b) 2-fold, (c) 3-fold, and (d) 5-fold axes; (e) the SADPs (B  011) corresponding to C15 Laves phase;
(f) overall morphology of the C15 Laves phase and i-phase in grain boundary area; and (g) C36 Laves phase and corresponding SADPs (B  21¯1¯0).
TABLE II. EDS analysis of cast Mg94.4Zn3.5Cu1.5Gd0.6 bulk sample
with a diameter of 6 mm (at.%).
Mg Zn Cu Gd
Icosahedral phase 43.99 31.68 15.86 8.47
53.60 26.98 12.85 6.57
C15 Laves 38.64 30.43 29.25 1.68
C36 Laves 46.84 29.59 22.47 1.11
Matrix 96.12 2.94 0.94 0
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that of commercial heat-resistant Mg alloy AE42, close
to that of the AZ91 alloy.
To evaluate heat resistance of the matrix in the alloys
studied, a high-temperature hardness test was performed
for the selected specimens of Mg95..9Zn3.5Gd0.6,
Mg94.4Zn3.5Cu1.5Gd0.6, and AE42. For comparison, the
data of AZ91 were also recorded from Ref. 5. As shown
in Fig. 7, the Vickers hardness of the AZ91 alloy de-
creased significantly from 97 Hv at room temperature to
37 Hv at 200 °C by 62%, indicating the poor heat resis-
tance of the matrix in this temperature scope. For the
AE42 commercial heat-resistant Mg alloy, the Vickers
hardness decreased from 68 to 32 Hv (by 47.6%), indi-
cating better heat resistance. The variation of Vickers
hardness versus temperature for Mg95..9Zn3.5Gd0.6 is
similar to that of the AE42 alloy. The hardness decreased
slightly from 82 Hv at room temperature to 52 Hv by
36% for Mg94.4Zn3.5Cu1.5Gd0.6 alloy, indicating that the
Mg–Zn–Cu–Gd alloy has excellent heat resistance com-
pared to other alloys, even the commercial heat-resistant
Mg alloy AE42.
Figure 8 shows compressive creep curves of the Mg–
based alloys under creep conditions of 180 °C and
80 MPa. The creep test was performed for the
Mg94.4Zn3.5Cu1.5Gd0.6 and AE42. For comparison, the
data of ZAY841, one kind of quasicrystal-reinforced
heat-resistant Mg alloy developed by the present authors,
was also recorded from Ref. 5. The creep results
are summarized in Table IV. It is seen that the
Mg94.4Zn3.5Cu1.5Gd0.6 alloy containing i-phase/Laves
shows significant improvements over commercial heat-
resistant magnesium alloy AE42 in both total creep strain
and steady-state creep rate. The steady-state creep rate
TABLE III. Mechanical properties of as-cast Mg–Zn–(Cu)–Gd alloys.
The date of AE42 and AZ91 are also listed for comparison.
Alloy composition
(at.%)
Compressive mechanical properties
(Rod D  2.5mm)
cf (MPa) 0.2 (MPa) c(%)
Mg95.9Zn3.5Gd0.6 401 140 16
Mg94.4Zn3.5Cu1.5Gd0.6 436 166 17
AE42 447 134 25
AZ91 501 199 16
FIG. 6. Precipitation of 1and 1 in Mg94.4Zn3.5Cu1.5Gd0.6 alloy
after 240 h aging at 200 °C: (a) TEM bright-field image and
(b) SADPs (B  0110).
FIG. 7. Temperature dependence of Vickers hardness for the cast
Mg-based alloy rods.
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(. min) for the AE42 alloy is 1.0 × 10−6 s−1, and the
creep strain after 10.8 ks is 5.6%, while those for the
Mg94.4Zn3.5Cu1.5Gd0.6 alloy are significantly reduced to
1.4 × 10−7 s−1 and 0.5%, almost reduced by one order
of magnitude. These results agree well with the
high-temperature hardness test results. Meanwhile, the
results also indicate that the high-temperature creep
properties of the newly developed Mg–Zn–Cu–Gd alloy
simultaneously containing i-phase and Laves phase are
also better than those of the single quasicrystal-
reinforced ZAY841 alloy.
IV. DISCUSSION
For Mg–Al-based alloys, the low creep resistance is
ascribed to the grain boundary sliding at elevated tem-
peratures. The grain boundary sliding usually occupied
about 40–80% of all the creep deformation.3 The reason
is that in materials of the hexagonal close-packed lattice
structure, such as Mg alloys, the basal slip preferentially
operates as the primary slip system, and the operation of
the other slip systems below 250 °C is very difficult.
However, as noticed by von Mises,14 the operation of
five independent slip systems in one grain is required to
preserve the continuity of the deformation at the grains
boundaries of polycrystalline materials. Thus, an addi-
tional deformation–grain boundary sliding plays an im-
portant role for Mg alloys. Therefore, how to restrict the
grain boundary sliding is a key for the improvement of
TABLE IV. Creep data for the cast Mg-based alloy rods.
Composition
(at.%)
Alloy composition
(wt%)
Compressive
creep propertiesa
Creep
strain
 (%)
Creep rate
+min(s−1)
Mg94.4Zn3.5Cu1.5Gd0.6 Mg–8.5Zn–3.5Cu–3.5Gd 0.5 1.4 × 10−7
Mg96Al3.6RE0.4 Mg–4A1–2RE (AE42) 5.6 1.0 × 10−6
Mg92.7Zn3.2Al3.8Y0.3 Mg–8Zn–4Al–1Y (ZAY841) 1.9 7.2 × 10−7
aThe compressive creep test was stopped after creep at the temperature of
180 °C and an applied stress of 80 MPa for 10.8 ks.
FIG. 8. Compressive creep curves of the cast Mg-based alloy rods
tested under the condition of 180 °C and 80 MPa.
FIG. 9. TEM bright-field images showing (a) the interaction of
dislocation and grain-boundary phase, (b) the interaction of disloca-
tion, and 1 precipitates within the grain in Mg94.4Zn3.5Cu1.5Gd0.6
creep specimen, which was performed under the creep condition of
180 °C and 80MPa for 10.8 ks.
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creep resistance of Mg alloys in the temperature range up
to ∼250 °C. Although the –Mg17Al12 precipitates play
an important role in strengthening the Mg–Al-based al-
loys at room temperature, it can readily soften and
coarsen with increasing temperature due to accelerated
diffusion resulting from its low melting point (437 °C).
Since the –Mg17Al12 phase is mainly distributed at
grain boundaries, its softening and coarsening weaken
the grain boundaries at elevated temperatures and be-
come the key factors accounting for the low creep resis-
tance of these alloys. For the present Mg–Zn–Cu–Gd-
based alloy, the grain-boundary phase–i-phase and Laves
phase are formed in situ during the solidification and have
high thermal stability. Their distribution as a hard skeleton
along the grain-boundary can efficiently straddle, pin, and
strengthen the grain-boundaries. In addition, the transition
phase 1 in the Mg94.4Zn3.5Cu1.5Gd0.6 alloy precipitates in
a direction perpendicular to the basal plane and is possibly
semi-coherent with the matrix (Fig. 6). On the other hand,
the non-coherent platelike equilibrium 1 precipitates lie on
the basal plane. These fine precipitates, especially the
former, will act as the pining points hindering the basal
plane (0001)Mg glide.
The dislocation structure in the crept specimen is
shown in Fig. 9. It can be seen that a high density of
creep-induced dislocations is distributed around the
grain-boundary phases (i-phase and Laves phase). This
indicates the hindering of dislocation movement by these
networklike grain boundary phases and formation of dis-
location tangles during creep process. In addition, the
interactions between slip dislocations on (0001)Mg basal
plane and the 1 precipitates can be seen in Fig. 9(b). It
is noted that the dislocations bow out among the precipi-
tates and cut them as marked by the arrows, and some-
times complex tangles of dislocations, caused by cross
slip, arise around the 1 particles. This indicates that the
rodlike 1 precipitates can act as strong pinning points
hindering (0001)Mg glide. However, the coarse 1 plate-
like phase seems to provide much less of an obstruction
to the movement of these dislocations, which may be
related to the 1 phases precipitated in a direction per-
pendicular to the sliding plane (basal plane) while the
1 phase lies on the basal plane. Thus, the former has
higher hindrance effect on the dislocation movement
than the latter. Therefore, the enhanced mechanical prop-
erties including the creep resistance can be attributed to
the collaborative restriction of dislocation movement by
the pinning of Laves phase, i-phases, and 1 precipitates.
The strengthening mechanism is schematically illustrated
in Fig. 10, where fine precipitates are distributed in the
matrix homogenously and interdendritic phases (i-phase
and Laves phase) lie along the grain boundary. Upon
room-temperature deformation both fine dispersed pre-
cipitates and interdendritic phases can act as barriers to
slip behavior, i.e., dislocation movement, and strengthen
the alloy. At elevated temperatures the soluble precipi-
tates will coarsen, soften, and gradually lose the strength-
ening effect, but the thermally stable interdendritic phase
(i-phase and Laves phases) would continue resisting dis-
location movement, especially grain-boundary sliding for
Mg-based alloys, and provide the high temperature
strength. Therefore, the design of such multiphase struc-
tures is important for future development of Mg alloys
combined with good room-temperature properties and
high temperature creep resistance.
V. CONCLUSION
The Mg–Zn–Cu–Gd-based alloy containing i-phase
and Laves phases as main high-temperature strengthen-
ing phases were prepared in the bulk form by the copper
mold-casting method. Mechanical properties of the al-
loys were examined by compressive, high-temperature
hardness, and creep tests. The microstructures were stud-
ied by XRD, SEM, and TEM. The results are summa-
rized as follows.
In the Mg–Zn–Gd alloy, the as-cast structure consisted
of dendritic i-phase and -Mg matrix. With some Cu
addition, C15 Laves phase(Mg–Cu–Zn–Gd) and a small
amount of C36 Laves phase are introduced. These Laves
phases grow from i-phase and distributed together with
i-phase along the grain-boundary as a skeleton. After
aging at 200 °C for 240 h, fine 1 phase precipitated in
the matrix.
The room-temperature mechanical properties of the
Mg–Zn–Cu–Gd alloy are better than those of the com-
mercial heat-resistant Mg alloy AE42 and close to that of
the AZ91 alloy. In particular, the Mg–Zn–Cu–Gd alloy
exhibited much better heat-resistance properties than the
AE42 alloy did. Under the creep condition of 180 °C and
80MPa, the steady-state creep rate(. min) of the AE42
alloy was 1.0 × 10−6 s−1, and the creep strain after 10.8
ks was 5.6%, while those for the Mg94.4Zn3.5Cu1.5Gd0.6
alloy were significantly reduced to 1.4 × 10−7 s−1 and
FIG. 10. Schematic diagram showing strengthening mechanism for
Mg94.4Zn3.5Cu1.5Gd0.6 alloy.
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0.5%, both reduced by almost one order of magnitude.
The good mechanical properties at ambient temperature
and excellent creep resistance at elevated temperatures
can be ascribed to the following two points: (i) High
thermal stability of i-phase and Laves phases distributed
along the grain-boundary as a hard skeleton which
strongly constrain the grain-boundary and hinder the
grain-boundary sliding at elevated temperatures. (ii) Fine
1 precipitates distributed in the matrix and acted as the
strong pinning points hindering the base plane (0001)Mg
glide.
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